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• It has only recently been acknowledged widely that 
mature skeletal muscle has the ability to regenerate, although 
reports on this phenomenon have existed in the research lit- 
erature some 40 years. The regenerative events in skeletal 
muscle include: phagocytosis of cellular and connective tis- 
sue debris; revascularisation of the lesion; the proliferation 
of myogenic precursor cells; their differentiation into myo- 
blasts; myoblasts fusion into myotubes; followed by the rees- 
tablishment of the nerve supply, and the maturation ofmyo- 
tubes into muscle fibres. The key cell in skeletal muscle regen- 
eration is the satellite cell, which is a reserve myogenic cell 
situated in between the muscle fibre sarcolemma and its adja- 
cent external lamina. These cells can only by identified by 
electron microscopy, which makes them very difficult to inves- 
tigate in detail or quantitatively. However, there is a substan- 
tial body of research literature on satellite cells and relevant 
aspects of their activity are summarized in this review. Satel- 
lite cells provide the source of myogenic precursor cells in the 
regeneration of skeletal muscle, therefore, any factor which 
stimulates the proliferative activity of satellite cells is very 
important in enhancing skeletal muscle regeneration. The 
cellular events in regenerating skeletal muscle closely re- 
semble those which occur in the process of developmental 
myogenesis, and references to these similarities and differences 
are briefly reviewed. 
• The regeneration of adult skeletal muscle following all 
types of injury consists of the following events: necrosis; pha- 
gocytosis; revascularisation; proliferation of myogenic precur- 
sor cells (MFC); differentiation of MFC into myoblasts and 
their fusion into myotubes; reinnervation and maturation of the 
new muscle fibres. The following review describes the regen- 
erative process of mature skeletal muscle. 
THE PATTERN OF REGENERATION 
•        Necrosis of muscle fibres 
Following injury of skeletal muscle, the first recognizable re- 
sponse of the damaged myofibres is necrosis. Necrotic muscle 
fibres can be described as having lost the structural attributes 
of living muscle (1), and this necrosis is characterized by sev- 
eral histological changes. Electron and light microscopic stud- 
ies show: a pyknosis and eventual death of myonuclei, break- 
down of the complex contractive protein arrangement, destruc- 
tion of myofibrillar material (initially Z bands dissolve), vesicu- 
lation of mitochondrial crystal membranes, accumulation of 
vesicles within the sarcoplasm, disappearance of glycogen and 
fibrosomes, and dissolution of the sarcolemma (2-5). 
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While myofibres become necrotic due to injury, the external 
(pericellular, "basal") lamina of each myofibre appears initially 
to survive most forms of injury, and it subsequently plays an 
important role in the formation of new muscle fibres (3, 6). Ad- 
ditionally, it appears that satellite cells (described below) sur- 
vive injury. In fact, they are remarkably resistant to the ischemia 
associated with even most severe injuries, including transplan- 
tation of whole muscle (7-12), while they remain viable, in 
contrast to the myonuclei of associated myofibres, which be- 
come pyknotic and die (3, 13-16). 
•        Phagocytosis 
The next stage of the regenerative process is phagocytosis of 
the necrotic debries. Polymorphonuclear leukocytes, and then 
macrophages appear to initiate phagocytosis of damaged skel- 
etal muscle (2,3, 8, 17), macrophages appearing to be the pri- 
mary phagocytic cell responsible for remodeling of the necrotic 
tissue (3,8,17-19). In cases of extensive injury to the vascular 
supply, phagocytes appear in the periphery of the muscle just 
before the appearance of ingrowing blood vessels (2,3, 20), and 
may play a role in assisting revascularisation indeed. 
•        Revascularisation 
Revascularisation is an essential process in the regeneration 
of skeletal muscle, particularly following severe injury: in the 
absence of blood vessels skeletal muscle fibres will not regen- 
erate, rather they become necrotic and are replaced with fibrous 
scar tissue (21). Revascularisation of regenerating skeletal 
muscle was first investigated via a series of experiments in 
which the vessels in whole minced skeletal muscle graft were 
perfused with Indian ink (22). In intact whole muscle grafts 
where the entire vascular supply to the graft is similarly sev- 
ered, revascularisation is relatively slow as blood vessels must 
grow into the muscle graft from surrounding host tissues (7) 
through physical barriers such as the epimysium. In the case 
of "large" graft, considered by Carlson (23) to include graft 
greater than 6 g, this can mean that the ischemic central core 
of the graft, does not regenerate. It instead becomes fibrotic and 
filled with connective tissue (4,24), possibly because ischemia 
and low oxygen tension promote the proliferation of fibroblasts 
(25). 
By the time new blood vessels grow into damaged skeletal 
muscle the original vasculature has, along with the myofibres, 
started to become necrotic (4,26). Thus new blood vessels must 
grow through existing necrotic fibres to reach the centre of the 
lesion (3, 27, 28). Invading sinusoidal vessels grow into the 
area from adjacent tissues by branching around surviving 
muscle fibres. From these vessels the capillaries sprout that later 
differentiate into arterioles and venules and these represent the 
new vascular system of the regenerating muscle (28). The origi- 
nal vascular structures are thought to play a limited role in 
revascularisation. Hansen-Smith et al (28) observed that pre- 
existing vessels and external laminae within the area of dam- 
aged muscle were only utilized by ingrowing endothelial cells 
at the later stages of regeneration. However, in a study which 
used small grafts of bundles of muscle fibres inserted into ham- 
ster cheek pouches (24), original blood vessels in the graft were 
found to survive the transplantation procedure and they sprou- 
ted out towards the vessels invading from the adjacent tissues 
in the cheek pouch, eventually anastomosing with them. These 
differences in the role of the preexisting vasculature in revas- 
cularisation may be a function of the size of grafts used in the 
different studies. Treating regenerating muscle in small experi- 
mental transplants with vasoactive agents, such as clenbuterol 
and isoprenaline, which accelerate revascularisation improves 
regeneration (11,29). However, in other studies performed on 
crushed muscle, the use of other agents, such as basic fibro- 
blast growth factor and eurcamide, an omental extract, to in-' 
duce blood vessel growth has not enhanced regeneration (30). 
•        The proliferation of myogenic precursor cells 
•        Satellite cells 
Satellite cells are undifferentiated mononucleated "reserve" 
muscle cells so named "satellite" cells, because they occupy a 
satellite position between the external lamina of the muscle 
fibre and the sarcolemma. Satellite cells were first described 
in 1961 by Alexander Mauro in an electron microscopic study 
of the peripheral region of the skeletal muscle fibre of the frog 
(31). Satellite cells have been described within the skeletal 
muscle fibres of almost all vertebrates (32). While they are 
typically reported as appearing fusiform (33) with scant cyto- 
plasm and few distinctive organelles (7, 34), their appearance 
does vary considerably, particularly when in different states of 
activity. In the active state, satellite cells have more abundant 
cytoplasm filled with organelles, while, in the inactive or qui- 
escent state, satellite cells typically have a heterochromatic 
nucleus and less apparent nucleoli (32). 
As satellite cells are positioned within 15-60 nm of the exter- 
nal lamina (32), their position outside the sarcolemma can only 
be resolved using the electron microscope (8, 17, 31). At the 
light microscopic level, satellite cells which have scant cyto- 
plasm are indistinguishable from nearby myonuclei which are 
of similar size. Unlike myonuclei (which are post-mitotic) ly- 
ing within the muscle fibre, satellite cells retain the capacity 
to reenter the mitotic cycle and divide at a later time, such as 
in response to injury. Satellite cells of old muscle still have the 
capacity to replicate, as has been shown in cultured muscle (35) 
and in regenerating muscle (36).   
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• Satellite cells as the source ofmyogenic precursor cells 
in regenerating muscle  
There is strong evidence for the hypothesis that the MFC re- 
sponsible for regenerating muscle are derived from satellite 
cells (7, 8, 17, 31, 32, 37-41). For example, it has been dem- 
onstrated by tritiated thymidine labelling that satellite cells un- 
dergo mitosis to produce MFC which fuse and form myotubes 
in vivo (8, 17). Also, studies in vitro show that MFC derived 
from satellite cells becoming directly incorporated into myo- 
tubes (42, 43).  
Replication of MFC appears to be related to the arrival of ph- 
agocytes in the periphery of regenerating skeletal muscle grafts 
(3, 8, 44). Many satellite cells proliferate beneath the surviv- 
ing external laminae of their associated muscle fibres (3,6,7). 
In response to trauma in mature muscle, satellite cells shift from 
a morphologically quiescent state of the cell cycle (G0) to an 
activated state (G,) (34). When satellite cells become activated 
they develop more cytoplasm, increased number of organelles, 
and large euchromatic nuclei with prominent nucleoli (3, 4, 
45). The stimulus for the activation of satellite cells and their 
shift into the G, phase of the cell cycle is not clear, and this is 
the subject of ongoing research in our laboratory. Ingrowing 
blood vessels and associated phagocytotic cells are thought to 
be closely associated with the activation of satellite cells in 
regenerating skeletal muscle (3, 4, 28, 44, 46, 47), possibly 
through the release of stimulating factors. Using autoradio- 
graphic techniques shows that MFC in whole intact muscle 
graft in mice start DNA synthesis at 48 hours after grafting 
(44). Since the entry of phagocytes and ingrowing blood ves- 
sels are not seen until 72 hours after grafting (20) this suggests 
that activating factors such as nutrients and various mitogens 
must be diffusing inwards ahead of the phagocytic cells to reach 
surviving satellite cells within the graft (20). Other possible 
influences on the activation of satellite cells based on studies 
performed in vitro and in vivo, include molecules released fol- 
lowing denervation and necrosis (43). However, due to the com- 
plex nature and interaction of regulatory factors the precise 
agents responsible for activating satellite cells in vivo, are not 
known yet (48, 49). 
The time of onset of proliferation in MFC associated with in- 
jury varies with the severity of injury. In skeletal muscle trau- 
matized by cut and crush injuries, MFC begin to proliferate by 
24-30 hours, and complete their proliferative activity by about 
5 days (50), whereas replication finishes far later in minced 
muscle isografts (51) and does not even begin until 48 hours 
in the transplanted extensor digitorum longus muscle model 
(44). The precise time of onset of MFC replication can also vary 
between different mouse strains (36). Within the minced 
muscle transplants of SJL/J mice begin to proliferate earlier (24 
hr) than within the minced transplants of BALB/c mice (30- 
36 hr) (51). Thus it appears that the onset of MFC prolifera- 
tion is influenced not only by the severity of the injury (49), 
but also by the strains of animals being investigated.  
•         Satellite cell migration  
Several studies have presented evidence supporting the migra- 
tory ability of satellite cells in association with injury. In early 
regenerating muscle, satellite cells appeared to be moving along 
the muscle fibre but they maintained their position between the 
external lamina and the sarcolemma (52), and migrating sat- 
ellite cells have been shown to travel within a muscle from 
undamaged areas to the site of injury (53). Furthermore, the 
migration of satellite cells into the interstitial space was re- 
ported in denervated rat tibialis anterior muscle and mouse 
lumbrical muscles (45). Similar migration was also observed 
from single muscle fibers in vitro (54). In more recent studies, 
injected MFC are attracted into and migrate to the site of in- 
jury in rat and quail muscles (55). There is also evidence of 
satellite cells migrating into grafted (injured) muscle from sur- 
rounding (host) tissue (56-59), although in rats it appears that 
migration (into the graft from the host) only occurs following 
pre-injury to the epimysial connective tissue barrier separat- 
ing the graft and host muscles (60). 
• Differentiation of myogenic precursor cellsinto myo- 
blasts and their fusion into myotubes 
The proliferation of MFC, their differentiation into myoblasts 
and fusion to form myotubes essentially recapitulates the myo- 
genic events mat occur in the embryo. In regenerating muscles, 
differentiating myoblasts can be recognized microscopically as 
cells with open-faced nuclei and basophilic cytoplasm contain- 
ing large quantities of free ribosomes, thick and thin filaments, 
primitive Z bodies and assembling myofibrils (2,4,7). In prepa- 
ration for fusion, myoblasts often align and cluster along the 
inner surface of the tube of the persisting external lamina, in 
what has been described as "basophilic cuffs" (2,7), with parts 
of the plasma membrane in contact with the external lamina 
(3, 6, 8, 17, 61). Myoblasts then fuse to form multinucleated 
myotubes characterized by chains of central nuclei (4); later 
to form the typical syncytial arrangements of skeletal muscle 
fibres. 
      Pattern of myotube formation     
The process of myotube formation that occurs in regenerating 
adult muscle differs in some respects from that seen in the 
embryo. In regenerating adult muscle, the external lamina 
which usually survives injury, directs the alignment and orien- 
tation of the newly formed myotubes (40), whereas this is not 
present at the time when primary myotubes form in the embryo. 
The myotube formation patterns in regenerating muscle is con- 
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sidered to be biphasic. However, as in the embryo (3, 62) and 
in adult regenerating muscle grafts, the number of myotubes 
formed within one external lamina can vary between one and 
seven (61, 63). As part of the process of myofibre maturation 
in the embryo the myonuclei within myotubes migrate periph- 
erally (7), whereas in regenerated skeletal muscle myofibres 
tend to retain their centrally located nuclei (3, 64). 
•         External lamina  
The remnants of external laminae belonging to the original 
myofibres of a muscle graft survive transplantation, but not so 
after some other forms of injury. These laminae act as a scaf- 
folding for the maturing muscle fibres (6). Once the immature 
myotubes have formed in muscle grafts, new external laminae 
begin to form along portions of the plasma membrane surroun- 
ding the myotubes (6). This means that when examined ultra- 
structurally, myotubes may have two surrounding external la- 
minae, although eventually they are encased by just one (6,62). 
•        Reinnervation 
In the reinnervation of injured skeletal muscle, most regenerat- 
ing axons are attracted back to the original synaptic sites (28) 
on the surviving external laminae (23). However in some cases, 
such as after minced muscle transplantation, new neuromuscu- 
lar connections derived from ingrowing axons can form in "ec- 
topic" locations (65). New nerve fibres enter minced muscle 
grafts in the second week of regeneration, and then progres- 
sively increase in number (66,67). In intact whole muscle grafts 
the extent of regeneration is such that by the third week after 
surgery muscle transplants exhibit functional neuromuscular 
transmission (23) and this eventually reaches 60% of normal, 
pretransplantation levels (15). Reinnervation is essential for 
the maturation of regenerating myofibres, including the devel- 
opment of cross striations and the differentiation into various 
fibre types. Denervation studies show that without innervation 
regenerated muscle fibres remain functionally and histochemi- 
cally immature (4,64) and eventually atrophy (3). The possible 
involvement of neuroimmunological mechanisms (68) in the 
regenerative process of skeletal muscle may be examined. 
CONCLUSION 
• An increasing amount is becoming known about the 
events involved in the regeneration of mature skeletal muscle. 
However, there is still a great deal to be learned, especially 
about the factors which enhance the myogenesis and the fu- 
sion of myoblasts into myotubes. The genetic phenomena which 
initiate myogenesis are the subject of intense interest, as is the 
role of extracellular matrix in the activity of myogenic cells and 
their intercellular relationships, especially during fusion of 
myoblasts into myotubes. The muscular satellite cell is not com- 
pletely understood yet, even though it has been investigated in 
detail for at least 30 years. When some of these mechanisms 
are more clearly understood, we can hope to improve the out- 
come of surgical procedures to improve muscle repair and fimc- 
tion, and to reverse some of the tragic sequelae of the crippling 
muscular dystophies. 
 
1. Allbrook DB. Skeletal muscle regeneration. Muscle Nerve 
1981; 4: 234-245 
2.    Mastaglia FL, Dawkins RL, Papadimitriou JM. Morpho- 
logical changes in skeletal muscle after transplantation: a 
light and electron microscopical study of the initial phases 
of degeneration and regeneration. JNeurol Sci 1975; 25: 
227-247 
3. Hansen-Smith FM, Carlson BM. Cellular responses to free 
grafting of the extensor digitorum longus muscle in rat. / 
NenrolSci 1979; 41: 149-173 
4.     Carlson BM, Faulkner JA. The regeneration of skeletal 
muscle fibres following injury: a review. Med Sci Sports 
Exerc 1983; 15: 187-198 
5.     Schultz E, Albright DJ, JaruszakDL, David TL. Survival 
of satellite cells in whole muscle transplants. Anat Rec 
1988; 222: 12-17 
6.     Vracko R, Benditt EP. Basal lamina: the scaffold for or- 
derly cell replacement. JCellBiol 1972; 55: 406-419 
7.     Carlson BM. The regeneration of skeletal muscle: a re- 
view. Am JAnat 1973; 137: 119-149 
8.     Snow MH. Myogenic cell formation in regenerating rat 
skeletal muscle injured by mincing. I. A fine structural 
study. Anat Rec 1977; 188: 181-200 
9.     Snow MH. An autoradiographic study of satellite cell 
differentiation into regenerating myotubes following 
transplantation of muscles in young rats. Cell Tiss Res 
1978; 186: 535-540  
10.   Mong FSF. Satellite cells in the regenerated and regrafted 
skeletal muscles of rats. Experientia 1988; 44: 601-603 
11. Roberts P, McGeachie JK. The effects of clenbuterol on 
satellite cell activation and the regeneration of skeletal 
muscle: an autoradiographic and morphometric study of   
78 
Biomed Rev 6, 1996 
  
  
whole muscle transplants in mice. JAnat 1992; 180: 57- 
65  
12.   Roberts P, McGeachie JK. Propanolol retards revasculari- 
sation and impedes early myogenesis in regenerating skel- 
etal muscle transplants: an autoradiographic and morpho- 
metric study in mice. JAnat 1992; 181: 101-111 
13.   Church JCT, Noronha RFX, Allbrook DB. Satellite cells 
and skeletal muscle regeneration. BritJSurg 1966; 53: 
638-642 
14.   Church JCT. Cell populations in skeletal muskle after 
regeneration. JEmbryolExpMorphol 1970; 23: 531-537 
15.   Carlson BM, Hansen-Smith FM, Magdon DK. The life 
history of a free muscle graft. In: Mauro A, editor. Muscle 
Regeneration, Raven Press, New York, 1979; 501-507 
16.   Carlson BM. Regeneration of entire skeletal muscles. Fed 
Proc 1986; 45: 1456-1460 
17.   Snow MH. Myogenic cell formation in regenerating rat 
skeletal muscle injured by mincing. II. An autoradio- 
graphic study. AnatRec 1977;188:201-218 
18.   Benoit PW, Belt WD. Destruction and regeneration of 
skeletal muscle after treatment with a local anaesthetic 
bupivicaine (Marcaine). JAnat 1970; 107: 547-566 
19.   Carlson BM, Gutmann E. Regeneration in free grafts of 
normal and denervated muscles in the rat: morphology 
and histochemistry. AnatRec 1975; 183:47-62 
20.   Roberts P, McGeachie JK. Endothelial cell activation du- 
ring angiogenesis in freely transplanted skeletal muscles 
in mice and its relationship to the onset of myogenesis. / 
Anat 1990; 169: 197-207 
21. Grounds MD. Phagocytosis of necrotic muscle in muscle 
isografts is influenced by the strain, age and sex of host 
mice. JPathol 1987; 153: 71-82 
22. Carlson BM. The regeneration of minced muscle. Monogr 
DevBiol 1972; 4  
23.   Carlson BM. The biology of muscle transformation. In: 
Freiliner G, Holle J, Carlson BM, editors. Muscle Trans- 
plantation. Springer Verlag, Vienna, 1981; 3-18 
24.   Faulkner JA, Weiss SW, McGeachine JK. Revascularisa- 
     tion of skeletal muscle transplanted into the hamster cheek 
      pouch: intravital and light microscopy. Microvasc Res 
     1983; 26: 49-64 
25.   Storch TD, Talley GD. Oxygen concentration regulates 
the proliferative response of human fibroblasts to serum 
and growth factors. Exp Cell Res 1988; 175: 317-325 
26.   Gulati AK, Reddi AH, Zalewski AA. Distribution of fi- 
bronectin in normal and regenerating skeletal muscle. 
AnatRec 1982; 204: 175-183 
27.   Faulkner JA, Maxwell LC, Mufti SA. Skeletal muscle 
fibre regeneration following heterotopic autotransplanta- 
tion in cats. Life Sci 1976; 19: 289-296 
28.   Hansen-Smith FM, Carlson BM, Irwin KL. Revaseulari- 
sation of the freely grafted extensor digitorum longus 
muscle in rat. Am JAnat 1980; 158: 65-82 
29.   Roberts P, MsGeachie JK. The enhancement of revascu- 
larisation of skeletal muscle transplants using the (32 ago- 
nist isoprenaline. JAnat 1994; 184: 309-318 
30.   Mitchell CA. Endogeneous and exogeneous factors influ- 
encing regeneration in crush-injured murine skeletal 
muscle. PhD Thesis, The University of Western Australia, 
: 1993 
31. Mauro A. Satellite cell of skeletal muscle fibres. JBiophys 
Biochem Cytol 1961; 9: 493-495 
32.   Campion DR. The muscle satellite cell: a review. Int Rev 
Cytol 1984; 87: 225-251 
33.   Muir A. The structure and distribution of satellite cells. 
In: Mauro A, Shafig SA, Milhorat AT, editors. Regenera- 
tion of Striated Muscle and My agenesis. Excerpta Medica, 
Amsterdam, 1970; 91-100 
34.   Caplan A, Carlson B, Faulkner J, Fischman D, Garrett W 
Jr. Skeletal muscle. In: Woo SL-Y, Buckwalter J, editors. 
Injury and Repair of the Musculoskeletal Soft Tissues. 
Ame Acad Orthop Surgeons, Park Ridge, III, 1988; 213- 
291 
35.   Schultz E, Lipton BH. Skeletal muscle satellite cells: 
changes in proliferation potential as a function of age. 
MechAgeDev 1982; 20: 377-383 
  
79 Skeletal muscle regeneration 
Biomed Rev 6, 1996 
Lawson-Smith and McGeachie 
  
36.   McGeachie JK, Ground MD. Delayed myogenic cell rep- 
lication in regenerating skeletal muscles of old mice: an 
autoradiographic study in young and old BALB/C and 
SJL/J mice. Cell TissRes 1995; 280: 277-282 
37.   Moss FP, Leblond CP. Nature of dividing nuclei in skel- 
etal muscle of growing rats. JCellBiol 1970; 44: 459-462 
3 8. Moss FP, Leblond CP. Stellite cells as the source of nuclei 
in muscles of growing rats. AnatRec 1971; 170: 421-436 
39.   Schultz E. A quantitative study of the satellite cell popu- 
        lation in postnatal mouse lumbrical muscle. Anat Rec 
       1974; 180: 589-595 
40.   Schmalbruch H. Muscle regeneration: fetal myogenesis 
in a new setting. BiblAnat 1986; 29: 126-153 
41.   Grounds MD, Yablonka-Reuveni Z. Molecular and cell 
biology of skeletal muscle regeneration. In: Partridge TA, 
editor. Molecular and Cellular Biology of Muscular Dys- 
trophy. Chapman and Hall, London, 1993; 210-256 
42.    Konigsberg UR, Lipton BH, Konigsberg IR. The regen- 
          erative response of single mature fibers isolated in vitro. 
          DevBiol 1975; 45: 260-275          
43.   Bischoff R. A satellite cell mitogen from crushed adult 
muscle. DevBiol 1986; 115: 140-147 
44.   Roberts P, McGeachie JK, Smith ER, Grounds MD. The 
initiation and duration of myogenesis in transplants of 
intact skeletal muscles: an autoradiographic study in mice. 
       AnatRec 1989; 224: 1-6 
45. Schultz E. Changes in the satellite cells of growing muscle 
following denervation. AnatRec 1978; 190: 299-311 
46.   Carlson BM. The regeneration of entire muscle from 
        minced fragments. In: Mauro A, Shafig SA, Milhorat AT, 
          editors. Regeneration of Striated Muscle and Myogenesis. 
         ExcerptaMedica, Amsterdam, 1970; 25-37       
47.   Grim M, Mrazkova O, Carlson BM. Enzymatic differen- 
         tiation of arterial and venous segments during the devel- 
        opment of free muscle grafts in the rat. Am J Anat 1986; 
    177:149-159 
48.   Florini JR. Hormonal control of muscle growth. Muscle 
and Nerve 1987; 10: 577-598 
49.   Grounds MD. Towards understanding skeletal muscle 
regeneration. Pathol Res Prac 1991; 187: 1-22 
50.   McGeachie JK, Grounds MD. Applications of an autora- 
diographic model of myogenesis in vivo. In: Kakulus BA, 
Mastaglia FL, editors. Pathogenesis and Therapy of 
Duchenne Muscular Dystrophy. Raven Press, New York, 
1990; 151-170 
51.   Grounds MD, McGeachie IK. Myogenic cell replication 
in minced skeletal muscle isografts of Swiss and BALE/ 
c mice. Muscle Nerve 1990; 13: 305-313 
52.   Harris JB, Cullen MJ. Muscle necrosis caused by snake 
venoms and toxins. ElectMicroscRev 1990; 3: 183-211 
53. Schultz E, Jaryszak DL, Valliere CR. Response of satel- 
lite cells to focal skeletal muscle injury. Muscle Nerve 
1985; 8: 217-222 
54.   Bischoff R. Regeneration of single skeletal muscle fibres 
in vitro. AnatRec 1975; 182: 215-236 
55.   Lipton BH, Schultz E. Developmental fate of skeletal 
muscle satellite cells. Science 1979; 205: 1292-1294 
56.   Partridge TA, Stopper JC. A host contribution to the rege- 
neration of muscle grafts. JNeuralSci 1977; 33:425-435 
57.   Partridge TA, Grounds MD, Slopper JC. Evidence of fu- 
sion between host and donor myoblasts in skeletal muscle 
grafts. Nature 1987; 273: 306-308  
58.   Watt DJ, Morgan IE, Clifford MA, Partridge TA. The 
movement of muscle precursor cells between adjacent re- 
generating muscles in the mouse. Anat Embryo! 1987; 75: 
527-536 
  
59.   Morgan JE, Coulton GR, Partridge TA. Muscle precur- 
sor cells invade and repopulate freeze-killed muscle. J 
Muse Res Cell Motil 1987; 8: 386-396  
60.   Schultz E, Jaryszak DL, Gibson MC, Albright DJ. Ab- 
sence of exogenous satellite cell contribution to genera- 
tion of frozen skeletal muscle. J Muse Res Cell Motil 1986; 
7: 361-367 
 
61.   Schmalbruch H. Regeneration of soleus muscles of rat 
autografted in toto as studied by electron microscopy. Cell 
TissRes 1977; 177: 159-180   
80 
Biomed Rev 6, 1996 
Skeletal muscle regeneration                                                                                                                                                                           81 
62.   Schmalbruch H. Skeletal Muscle. Springer Verlag, Ber- 
lin, Heidelberg, New York, Tokyo, 1985 
63.   Schmalbruch H. The morphology of regeneration of skel- 
etal muscle in the rat. Tissue Cell 1976; 8: 673-692 
64.   Carlson BM, Gutmann E. Free grafting of the extensor 
digitorum longus muscle in the rat after marcaine pretreat- 
ment. Exp Neurol 1976; 53: 82-93 
65.   Rantanen J, Hurme T, Lukka R, Heino J, Kalimo H. Sat- 
ellite cell proliferation and the expression of myogenin and 
desmin in regenerating skeletal muscle: evidence for two 
different populations of satellite cells. Lab Invest 1995; 
72: 341-347 
66.   Womble MD. The clustering of acetylcholine receptors 
and formation of neuromuscular junctions in regenerat- 
ing mammalian muscle grafts. AmJAnat 1986; 176: 191- 
205 
67.   Carlson BM. The regeneration of the completely excised 
gastrocnemius muscle in the frog and rat from minced 
muscle fragments. JMorphol 1968; 125: 447-472 
68.   Gundersen K, Maehlen J. Nerve-evoked electrical activ- 
ity regulates molecules and cells with immunological 
function in rat muscle tissue. Eur J Neurosci 1994; 6: 
1113-1118 
Received 28 May 1996 
Accepted 3 July 1996 
For correspondence: 
Dr John McGeachie 
Department of Anatomy and Human Biology 
The University of Western Australia 
WA-6907 Nedlands 
Australia 
Tel: 61 (9)3803301 
 Fax: 61  (9)3801051 
E-mail: johnmcg@anhb.uwa.edu.au 
BiomedRev 6,1996 
